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Serine/Threonine ligation (STL) has emerged as an alternative tool for protein chemical 
synthesis, bioconjugations as well as macrocyclization of peptides of various sizes. 
Owning to the high abundance of Ser/Thr residues in natural peptides and proteins, STL 
is expected to find a wide range of applications in chemical biology research. Herein, we 
have fully investigated the compatibility of the STL strategy for X-Ser/Thr ligation sites, 
where X is any of the 20 naturally occurring amino acids. Our studies have shown that 17 
amino acids are suitable for ligation, while Asp, Glu, and Lys are not compatible. Among 
the working 17 C-terminal amino acids, the retarded reaction resulted from the bulky p- 
branched amino acid (Thr, Val, and lie) is not seen under the current ligation condition. 
We have also investigated the chemoselectivity involving the amino group of the internal 
lysine which may compete with the N-terminal Ser/Thr for reaction with the C-terminal 
salicylaldehyde (SAL) ester aldehyde group. The result suggested that the free internal 
amino group does not adversely slow down the ligation rate. 
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INTRODUCTION 

Chemical methods enabHng merger of two fully side chain unpro- 
tected peptide segments at the termini, termed peptide ligation, 
provide access to complex, long peptides and even proteins 
beyond the limit of solid phase peptide synthesis (SPPS) (Kent, 
2009). Numerous methodologies have emerged to be capable 
of delivering on specific peptide/protein targets. In particular, 
ever since the introduction of native chemical ligation (NCL) 
(Dawson et al., 1994; Tarn et al., 1995; Dawson and Kent, 2000), 
protein chemical synthesis has become reachable and thus pro- 
vided a general strategy for the flexible and precise incorporation 
of natural or unnatural elements into a protein molecule. The 
realization of NCL lies in the super nucleophilicity of the N- 
terminal cysteine to mediate a chemoselective peptide ligation, 
thereby enabling merger of two side chain unprotected pep- 
tide segments with the generation of the natural Xaa-Cys at 
the ligation site. Over the past two decades, many advances 
in the development of strategies and methods to improve and 
expand the NCL at other amino acids sites (Hackenberger and 
Schwarzer, 2008; Hemantha et al., 2012; Monbaliu and Katritzky, 
2012; Verzele and Madder, 2013). Of particular importance, 
the success of NCL-desulfurization to realize the peptide lig- 
ation at the alanine site (Yan and Dawson, 2001; Wan and 
Danishefsky, 2007) has initiated the development of NCL at other 
amine acid sites using synthetic cysteine/selenocysteine surro- 
gates (Canne et al., 1996; Wong et al., 2013c). Examples include 
the use of 6-mercaptophenylalanine (Crich and Banerjee, 2006), 
y-mercaptovaline/penicUlamine (Chen et al., 2008; Haase et al., 
2008), fi-mercaptoleucine (Harpaz et al., 2010; Tan et al., 2010), 
y-mercaptothreonine (Chen et al., 2010), 8-mercaptolysine (Ajish 



Kumar et al., 2009a; Yang et al., 2009), y-mercaptoproHne (Ding 
et al., 2011), E-mercaptoglutamine (Siman et al., 2012), fi- 
mercaptoaspartate (Guan et al., 2013; Thompson et al., 2013), 
6-selenol-phenylalanine (Malins and Payne, 2012), and selenol- 
proline (Townsend et al., 2012) to generates the ligation sites 
with Phe, Val, Leu, Thr, Lys, Pro, Gin, and Asp, respectively, by 
different research groups. Nevertheless, most of these p/y mer- 
capto unnatural amino acids are not commercially available and 
require tedious organic synthesis (Wong et al., 2013c). In addi- 
tion, the usage of unique reacting functional groups at the ligating 
C-terminus and N-terminus, including thioester containing a 
phosphine group-azide and the a-ketoacid-hydroxylamine, has 
led to the thiol-independent ligation, Staudinger ligation (Nilsson 
et al., 2000) and KAHA ligation (Bode et al, 2006; Pattabiraman 
et al., 2012), respectively. 

In pursuing the development of the easy-handling chemos- 
elective peptide ligation, we have recently introduced a ser- 
ine/threonine ligation (STL) strategy, enabling the peptide liga- 
tion of side chain unprotected peptide segments with the gen- 
eration of natural peptidic bond (Xaa-Ser/Thr) at the ligation 
site (Li et al, 2010). Although the ligations which could gener- 
ate Ser/Thr at the ligation site have been developed by different 
groups (Okamoto and Kajihara, 2008; Ajish Kumar et al., 2009b; 
Thomas and Payne, 2009; Chen et al., 2010), our ligation strat- 
egy directly uses the natural serine or threonine residue at the 
N-terminus to mediate peptide ligation. This ligation strategy 
involves the merger of a peptide salicylaldehyde (SAL) ester and a 
peptide with N-terminal serine or threonine, to afford an N,0- 
benzylidene acetal at the conjugation site, followed by simple 
acidolysis to release the natural peptidic bond. Along the pathway 
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FIGURE 1 I Scheme of Ser/Thr ligation. 



of this ligation, the peptide SAL ester (SE) 1 would react with 
the amino group of the N-terminal serine or threonine residue 
of the second peptide segment 2 to give an imine species (c.f. 
3) reversibly, followed by the 5-endo-trig cyclization from the P- 
hydroxyl group of the N-terminal serine or threonine residue to 
afford an oxazolidine {c.f. 4). Then an irreversible O ^ N 1,5 acyl 
transfer would afford a stable amide intermediate {c.f. 5). Next, 
the resultant N, O-benzylidene acetal could be readily removed via 
acidolysis to restore the natural Xaa-Ser/Thr peptidic linkage at 
the ligation site {c.f. 6) (Figure 1). 

We have successfully applied this method to convergently syn- 
thesize various peptides/proteins including MUCl glycopeptide 
and an enzyme acylphosphatase (Xu et al, 2013; Zhang et al, 

2013) . In addition, STL-mediated peptide cyclization has been 
used to synthesize daptomycin and other cyclic peptides of vari- 
ous sizes (Lam et al, 2013; Wong et al, 2013a,b; Zhao et al, 2013). 
More recently, STL has been used in the form of expression pro- 
tein ligation, producing a RNase-peptiod conjugate (Levine et al, 

2014) . In this article, we wish to address several issues around 
this ligation. First, we feel necessary that the effect of the unpro- 
tected lysine on the chemoselectivity needs to be carefully studied. 
Secondly, we aim to study the scope and limitations of STL with 
different C-terminal amino acid residues. 

MATERIALS AND METHODS 
INSTRUMENTS 

All commercial materials (Aldrich, Chemimpex, and GL 
Biochem) were used without further purification. All sol- 
vents were reagent grade or HPLC grade (RCI or DUKSAN). 
Anhydrous tetrahydrofuran (THF) was freshly distilled from 
sodium and benzophenone. Dry dichloromethane (CH2CI2) was 
distilled from calcium hydride (CaH2). All separations involved 
a mobile phase of 0.1% TFA (v/v) in acetonitrile (solvent A) and 
0.1% TFA (v/v) in water (Solvent B). HPLC separations were per- 
formed with a Waters HPLC system equipped with a photodiode 



array detector (Waters 2996) using a Vydac 218TP™ C18 col- 
umn (5 (jim, 300 A, 4.6 x 250 mm) at a flow rate of 0.6 mL/min 
for analytical HPLC and XBridge™ Prep C18 OBD™ column 
(10 (im, 300 A, 30 X 250 mm) at a flow rate of 15 mL/min for 
preparative HPLC. Low-resolution mass spectral analyses were 
performed with a Waters 3100 mass spectrometer. 

SOLID PHASE PEPTIDE SYNTHESIS (BOC CHEMISTRY) 

The following Boc amino acids were purchased from GL Biochem 
and Chemimpex and used in the solid phase synthesis: Boc- 
Ala-OH, Boc-Gly-OH, Boc-Ile-OH, Boc-Phe-OH, Boc-Lys(2- 
Cl-Z)-OH, Boc-Phe-OH, Boc-Ser(Bzl)-OH, Boc-Thr(Bzl)-OH, 
Boc-Tyr(Bzl)-OH, Boc-Val-OH, Boc-Pro-OH. Based on the SAL 
linker synthesized previously (Wong et al., 2013b), the standard 
Boc-SPPS protocol was employed. A solution of 20% piperidine 
in DMF (10 mL) was added to the loaded resin (0.5 mmol/g) and 
the mixture was gently agitated for 1 h to remove the acetyl group. 
The solvent was drained and the resin was washed with DMF 
(10 mL X 3). A solution of the first amino acid to be coupled 
(4.0 equiv. relative to resin capacity), PyBOP (4.0 equiv.) and 
DIPEA (8.0 equiv) in anhydrous DMF (10 mL) was added. The 
mixture was gently agitated for 3 h. The Boc group was removed 
with neat TFA (2x5 min) followed by sequential washing with 
CH2CI2 (10 mL X 3), DMF (10 mL x 3), and CH2CI2 (10 mL x 
3). A solution of Boc-Xaa-OH (2.0 equiv. relative to resin capac- 
ity), HATU (2.0 equiv), and DIPEA (4.0 equiv) in anhydrous 
DMF (10 mL) was added to the resin. The mixture was gen- 
tly agitated for 45 min. The coupling was repeated followed by 
sequential washing with DMF (10 mL x 3) andCH2Cl2 (10 mL x 
3). For global deprotection, a mixture of TFMSA/TFA/thioanisole 
(1:8.5:0.5, v/v/v) was added to the resin bound peptide at 0°C and 
the mixture was gently agitated for 1 h. The resin was then washed 
with CH2CI2 (lOmL X 6). Analytical RP-HPLC with gradient 5- 
90% ACN containing 0.1% TFA over 20 min was used to confirm 
the purity of the peptides. 
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OZONOLYSIS 

The resin bound peptide was swollen in CH2CI2/TFA (95:5, v/v) 
at -78°C. After the mixture was treated with O3 at -78°C for 
lOmin, Me2S (10.0 equiv. relative to resin capacity) was then 
added at — 78°C. The reaction mixture was allowed to warm to 
room temperature over 30 min. The mixture was filtered and con- 
centrated under vacuo and subjected to the HPLC purification. 
The peptides containing Cys, Met, and Trp are not compatible 
with the ozonolysis condition. 

SOLID PHASE PEPTIDE SYNTHESIS (Fmoc CHEMISTRY) 

Synthesis was performed manually on Rink amide-AM resin or 
2-chlorotrityl chloride resin. Peptides were synthesized under 
standard Fmoc/t-Bu protocols. The deblock mixture was a 
mixture of 20/80 (vol/vol) of piperidine/DMF. The following 
Fmoc amino acids from GL Biochem were used: Fmoc-Ala-OH, 
Fmoc-Glu(OtBu)-OH, Fmoc-Gln(Trt)-OH, Fmoc- Gly-OH, 
Fmoc-Lys(Boc)-OH, Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc- 
Trp(Boc)-OH, and Fmoc-Cys(StBu)-OH. Upon completion of 
synthesis, the peptide resin was subjected to a cleavage mixture. 
The resin was filtered and the combined filtrates were blown 
off under a stream of condensed air. The crude product was 
triturated with cold diethyl ether to give a white suspension, 
which was centrifuged and the ether subsequently decanted. The 
remaining solid was ready for HPLC purification. The peptide N- 
acyl-benzimidazolinone (Nbz) was prepared according to Blanco- 
Canosa and Dawson's protocol (Blanco-Canosa and Dawson, 
2008). The on-resin phenolysis for the synthesis of peptide SE 
was conducted by adding Na2C03 (10.0 equiv) and a solution 
of SAL dimethyl acetal (l.OmL/O.lg resin) in dry DCM/THF 
(1/3, vol/vol) to the resin-bound peptide Nbz. The suspension 
was stirred at room temperature for 16 h. The resin was then 
filtered and washed with DCM. The combined filtrates were con- 
centrated under a stream of condensed air. The oily residue was 
treated with TFA/H2O (95/5, v/v) for 1 h. The solvent was blown 
off under a stream of condensed air. The crude product was tritu- 
rated with cold diethyl ether to give a white suspension, which was 
centrifuged and the ether subsequently decanted. The remaining 
solid was ready for HPLC purification. Using this on-resin phe- 
nolysis approach, several esters were synthesized in 20-30% yield 
from the resin. Analytical RP-HPLC with gradient 5-90% ACN 
containing 0.1% TFA over 20 min was used to confirm the purity 
of the peptides. 

Ser/Thr LIGATION 

The peptide SE and the N-terminal peptide were dissolved in 
pyridine/acetic acid (1:1 mole/mole) at a concentration of 1- 
5 mM at room temperature and were stirred for 2-20 h. The 
solvent was removed under vacuo. The crude ligated peptide was 
treated with 95% TFA for 10 min to remove the O, N-benzylidene 
acetal. The solvent was then blown off by a stream of air and the 
residue was purified by Prep-HPLC system with 15-80% ACN 
with 0.1% TFA in 45 min. 

RESULTS 

EFFECT OF THE SIDE-CHAIN UNPROTECTED LYSINE 

STL involves the imine formation as the first capture step, from 
the aldehyde group of the C-terminal SE and the amino group of 



the N-terminal serine or threonine. Indeed, the free amino groups 
of the internal Lys is likely to compete with the amine of the N- 
terminal of Thr/Ser residue to form the imine with the C-terminal 
SE aldehyde. Thus, it raises a question whether the presence of Lys 
would slow down or even inhibit the ligation. In this regards, we 
designed a competitive experiment to study the effect of Lys at the 
different positions on the ligation efficiency. We have prepared an 
N-terminal peptide without any Lys residue (KO) and a series of 
N-terminal peptide with Lys residue at different position (K2-K5) 
(Table 1). We intended to compare the ligation rate of the Lys- 
containing peptide relative to the KO peptide, when reacting with 
the same peptide SE. 

In each ligation, we dissolved 1.0 equiv. of peptide SE and 1.0 
equiv. of KO peptide and 1.0 equiv. of any peptide from K2-K5 
peptides in the ligation buffer at the concentration of 5 mM. The 
crude reaction mixture was analyzed by LC-MS and the UV peaks 
of the ligation products were integrated and compared. In this 
setting, peptide SE was fully consumed and the N-terminal pep- 
tides (KO and K2-5) were in excess. Thus, the ratio of the UV 
integral could be correlated with the relative reaction rate. As 
seen from Figure 2, the K3-K5 reacted very similarly to the KO 
peptide, with roughly equal integrals, and the ligations were com- 
pleted in 4 h. These results have indicated that the STL was not 
significantly affected by the presence of Lys in the sequence, as the 



Table 1 | Sequence of model peptides used in competitive 
experiment. 



Name 


Sequence 


IVIolecular Weight 


SAL-ester (SE) 


NH2-AIFPNPF-SAL ester 


908.44 


KO 


NH2-SVAFGA-CO2H 


550.28 


K2 


NH2-SKAFGA-CO2H 


579.30 


K3 


NH2-SVKFGA-CO2H 


60733 


K4 


NH2-SVAKGA-CO2H 


531.30 


K5 


NH2-SVAFKA-CO2H 


621.35 



Specific tile position of Lys (K). 



SE+K2 




0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 
Time (min) 



FIGURE 2 I RP-HPLC spectra of STL of the peptide SAL ester with 
peptides K2-K5. SE = peptide-SAL ester; H = hydrolysis of peptide-SAL 
ester; SE+Kx = ligation product. Ligation time: (A) (1.5 h) and (B-D) (4 h). 
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K3-5 peptides were having a similar conversion to ligation prod- 
ucts as KO. Thus, we can concluded that, although the Lys would 
react with the peptide SE, the nonproductive imine formation is 
reversible and rapid, thus not affecting the ligation pathway. 

Interestingly, K2 behaved differently from K3-K5 peptides. 
First, the reaction was rapid with completion in 1.5 h, in contrast 
with 4 h for K3-K5 ligations. Secondly, as determined from the 
LC spectrum, the K2 peptide reacted much faster (~2x faster) 
than KO peptide (Figure 2A). The leftover of K2 was much less 
than KO, which excluded that possibility that more K2 was acci- 
dently added than KO peptide to the reaction to cause the more 
K2 ligated product. This indicated that the second position (next 
to N-terminal Ser/Thr) could enhance the ligation. 

EFFECT OF THE LIGATING AMINE ACIDS 

The C-terminal amino acid next to the ligation site has sig- 
nificantly affected the efficiency of the NCL. For instance, the 
sterically hindered ^-branched amino acids, including Thr, Val, 
He, resulted in the incomplete ligation after 48 h (Hackeng et al, 
1999). The ligation with the C-terminal proline was also very 
slow, which is proposed to result from the reduced electrophilicty 
imposed by the n->7t* orbital interaction (Pollock and Kent, 
2011). Analogously, we aimed to systematically evaluate the com- 
patibility and reactivity of all 20 amino acid at the C-terminus of 
the peptide SE. We elected two peptides: NH2-AEGSQAKFGX- 
SE as the C-terminal peptide where X represents different amino 
acids, and NH2-SPKALTFG-CO2H as the model peptide contain- 
ing Ser at the N-terminus. The necessary peptide SAL esters (X = 
A, G, T, S, V, L, I, P, F, Y, D, E, N, Q, H, and K) were prepared by 
Boc-SPPS (Wong et al, 2013b), while the peptide SAL esters (X = 
W, C, M, and R) were synthesized via Fmoc-SPPS (Zhang et al., 
2013) due to the incompatibility of ozonolysis (M, C, and W) and 
TFMSA deprotection of the tosyl group of Arg. The ligation of 
two unprotected peptide segments was performed as follows: two 
peptide segments were dissolved in pyridine acetate buffer (1:1, 
mole: mole) at the concentration of 1 mM at room temperature. 
The reaction process was monitored by analytical LC-MS at dif- 
ferent time points (2, 6, and 15 h). The conversions of all ligations 
were determined after 2 h were summarized in Table 2. 

As seen in Table 2, Ala, Gly, Ser, Glu, Thr, Phe, and Cys(StBu) 
appeared to have the fastest conversions, in which >60% of the 
peptide ester was consumed at 2 h and the ligation was completed 
within 6 h. Interestingly, the ^-branched amino acid Thr under- 
goes at a similar conversion of ligation to the least hindered amino 
acid glycine. Val, Leu, He, Asn, Phe, Met, and Tyr represent the 
second batch of amino acid with >30% conversions in the first 
2 h and reaction was completed within 6 h. Then the conversion 
of Arg, Trp, Pro, and His ranged from 7.9 to 28.6% showed to be 
the slowest. In particular, the ligation with C-Pro and Arg could 
not be completed after 15 h. In addition, we found that the C- 
terminal Asp, Glu, and Lys were not compatible with the current 
STL condition, due to the instability of the peptide SE when the 
first amino acid contains nucleophilic side-chain functionalities. 

ACIDOLYSIS 

The second step of this STL involves acidolysis to release the N,0- 
benzylidene acetal generated at the conjunction site (Figures). 



Table 2 | Conversion percentage of different C-terminal amino 
acld-SAL-ester at 2 h. 



Entry 


C-terminal a.a. 


Conversion (%) 


1 


Ala 


871 


2 


Gly 


85.9 


3 


Ser 


84.8 


4 


Gin 


78.7 


5 


Thr 


71.3 


6 


Phe 


677 


7 


Cys(StBu) 


65.2 


8 


Val 


45.5 


9 


He 


41.8 


10 


Met 


38.5 


11 


Asn 


38.5 


12 


Tyr 


33.7 


13 


Leu 


33.4 


14 


His 


28.6 


15 


Trp 


24.8 


16 


Arg 


20.5 


17 


Pro 


79 


18 


Asp 




19 


Glu 




20 


Lys 





Thus, we performed various acidolysis conditions. We have pre- 
pared a tripeptide containing the N,0-benzylidene acetal and 
treated it with a range of acidic conditions, including 95, 50, 10, 5, 
and 1% TEA. The reaction progresses were monitored by LC-MS 
(Table 3). 

As seen in Table 3, 50% TEA and above can rapidly remove 
the benzylidene acetal within 5 min. The acidolysis with 5-10% 
TEA could be completed within 4 h. When 1% TEA was used, the 
acidolysis became very slow. 

DISCUSSION 

STL has emerged as a new tool to deliver synthetic pep- 
tides/proteins with a natural peptidic linkage via the convergent 
ligation of two side chain unprotected peptide segments. This 
method uses the natural amino acid, the N-terminal serine or 
threonine, to mediate a chemoselective peptide ligation, thus fea- 
turing operational simplicity. Herein, we have fully investigated 
the effect of unprotected Lys on the ligation. In our proposed 
mechanism of STL, the amino group of the N-terminal Ser/Thr 
was first condensed with the aldehyde to form an imine. Thus, 
it makes one wonder whether the amino groups of the inter- 
nal Lys in the peptide sequence could slow down the ligation by 
competing with the amino group of the N-terminal Ser/Thr. We 
have conducted competitive experiments and concluded that the 
reaction rate between an N-terminal peptide without Lys (KO) 
and the N-terminal peptides with one Lys at different position 
including K3-K5 was not significant. Interestingly, it is worthy 
to note that K2 peptide with a Lys next to the N-terminal ser- 
ine showed an accelerated reaction rate relative to KO. To explain 
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FmocHN 



HO. 
H2N 



OH 

FmocHN^^ 



FIGURE 3 I Acidolysis of N.O-benzylidene acetal intermediate. 
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FIGURE 4 I Proposed mechianism to explain the accelerated rate of K2 peptide. 




Table 3 | Summary of the LC-MS analysis of the reaction progress. 



Entry 


Conditions 


Conversion (%) 








5min 


30min 


4h 


1 


95% TFA in H2O 


100 






2 


50% TFA in H2O 


100 






3 


10% TFA in H2O/CH3CN (1 :1, v/v) 




63 


100 


4 


5% TFA in ACOH/H2O (1:1, v/v) 




85 


100 


5 


1 % TFA in ACOH/H2O (1 : 1 , v/v) 




20 


67 


6 


5% TFA in H2O/CH3CN (1:1, v/v) 




40 


100 


7 


1 % TFA in H2O/CH3CN (1:1, v/v) 




7 


42 



this result, we propose that the Lys acts to help capture and 
deliver the C-terminal peptide SE to the N-terminal Ser residue 
via an 11-membered ring transition state via proximity- induced 
imine exchange (Kovai^icek and Lehn, 2012), thus benefitting the 
ligation with the K2 peptide (Figure 4). 

Another important issue that we have addressed was the com- 
patibility and the relative conversion percentage of the C-terminal 
amino acid of the peptide SE under the STL conditions. In the 
NCL-mediate peptide ligation, Dawson have used LYRAX-SR and 
CRANK as the model peptides at 37°C to study the relative con- 
version percentage of all C-terminal amino acids (Hackeng et al., 
1999). Their results have led them to classify the C-terminal 
amino acids into four groups: fast reaction with His, Gly, and Cys 
(<4h), modest reaction with Phe, Met, Tyr, Ala, and Trp (<9h), 
slow reaction with Asn, Ser, Gin, Lys, Arg (<24h), and very 
slow reaction with Leu, Thr, Val, He, and Pro (>48). The com- 
patibility of C-terminal Asn, Gin, Asp, and Glu with NCL were 
controversial, as significant levels of P- and y- linked byproducts 
during ligation were observed by others (Camarero and Muir, 
2001; Villain et al, 2003). 

Our similar studies, but with NH2-AEGSQAKFGX- SE and 
NH2-SPKALTFG-CO2H as model peptides ligating at room tem- 
perature, have indicated that the conversion rate of C-terminal 
amino acids under STL conditions does not foUow the same trend 



as that of NCL. First, the hindered P-branched amino acids (e.g., 
Val, Thr, He) do not retard the formation of product significantly. 
Indeed, the ligation with C-terminal threonine is very fast, simi- 
larly to Ser, Gin, Gly, and Ala. Secondly, the less favorable choices 
for STL are Arg, Trp, Pro, and His. The factors causing the slow 
reaction at these reactions sites are not clear to us yet. Thirdly, the 
C-terminal Asn sometime poses a problem in NCL, due to the 
formation of C-terminal succinimides(Gross et al, 2005), while 
under the STL condition, the ligation with the peptide Asn SE 
proceeded smoothly without significant side products. Lastly, the 
peptide SE at Asp, Lys, and Glu were very unstable for the iso- 
lation, making the study of ligation impossible, thus they are 
not compatible with STL. In addition, we found that the pep- 
tide SE with the C-terminal cysteine generated unidentifiable side 
products during the STL. However, this problem could be easily 
solved using C-terminal Cys (S-fBu), since the STL does not use 
reducing conditions. 

Biomolecules obtained from chemical synthesis have been 
highlighted by their high homogeneity and flexible modifications, 
in contrast with biologically controlled methods, in particular for 
proteins with post-translational modifications. Thus, the devel- 
opment of the novel and efficient methods and strategies readily 
adoptable by the non-expertise researchers wiU be important in 
this context. We have recently developed a STL for convergent 
peptide synthesis and demonstrated that this method is capable 
of delivering synthetic peptides/proteins. This method features 
high chemoselectivity, operational simplicity and use of common 
regents. Our studies here have shown that, although STL involves 
imine capture step, the internal Lys does not interfere with the 
ligation pathway and indeed Lys next to the N-terminal Ser/Thr 
can enhance the ligation efficiency. In addition, 17 amino acids 
at the C-terminus are suitable for ligation, with Asp, Glu and Lys 
not compatible. Among working 17 C-terminal amino acids, the 
slow reaction resulted from the bulky ^-branched amino acid in 
NCL were not observed under STL conditions. Nevertheless, the 
ligation with C-terminal Pro and Arg was very sluggish and thus 
not recommended for STL. 



www.frontiersin.org 



May 2014 | Volume 2 | Article 28 | 5 



Wong et al. 



Realizing serine/tlireonine ligation 



ACKNOWLEDGMENTS 

This work was supported by the General Research Fund 
(HKU703811P) of the Research Grants Council of Hong Kong, 
the National Basic Research Program of China (973 Program, 
2013CB836900), and Peacock Program-Project Development 
Fund (KQC201109050074A). 

REFERENCES 

Ajish Kumar, K. S., Haj-Yahya, M., Olschewski, D., Lashuel, H. A., and Brik, A. 

(2009a). Highly efficient and chemoselective peptide ubiquitylation. Angew. 

Chem. Int. Ed. Engl. 48, 8090-8094. doi: 10.1002/anie.200902936 
Ajish Kumar, K. S., Harpaz, Z., Haj-Yahya, M., and Brik, A. (2009b). Side-chain 

assisted Ugation in protein synthesis. Bioorg. Med. Chem. Lett. 19, 3870-3874. 

doi: 10.1016/j.bmcl.2009.03.156 
Blanco-Canosa, J. B., and Dawson, P. E. (2008). An efficient Fmoc-SPPS approach 

for the generation of thioester peptide precursors for use in native chemical 

ligation. Angew. Chem. Int. Ed. Engl. 47, 6851-6855. doi: 10.1002/anie.2007 

05471 

Bode, J. W., Fox, R. M., and Baucom, K. D. (2006). Chemoselective amide ligations 

by decarboxylative condensations of N-alkylhydroxylamines and a-ketoacids. 

Angew. Chem. Int. Ed. Engl. 45, 1248-1252. doi: 10.1002/ange.200503991 
Camarero, J. A., and Muir, T. W. (2001). Native chemical ligation of polypeptides. 

Curr. Protoc. Protein Sci. 18, 1-21. doi: 10.1002/0471140864.psl804sl5 
Canne, L. E., Bark, S. J., and Kent, S. B. H. (1996). Extending the appUca- 

bUity of native chemical ligation. /. Am. Chem. Soc. 118, 5891-5896. doi: 

10.1021/ja960398s 

Chen, J., Wan, Q., Yuan, Y, Zhu, J., and Danishefsky, S. J. (2008). Native chemical 
ligation at valine: a contribution to peptide and glycopeptide synthesis. Angew. 
Chem. Int. Ed. Engl. 47, 8521-8524. doi: 10.1002/anie.200803523 

Chen, J., Wang, P., Zhu, J. L., Wan, Q., and Danishefsky, S. J. (2010). A program 
for ligation at threonine sites: application to the controlled total synthesis of 
glycopeptides. Tetrahedron 66, 2277-2283. doi: 10.1016/j.tet.2010.01.067 

Crich, D., and Banerjee, A. (2006). Expedient synthesis of threo-C-hydroxy-ot- 
amino acid derivatives: phenylalanine, tyrosine, histidine, and tryptophan. 
/. Org. Chem. 71, 7106-7109. doi: 10.1021/jo061159i 

Dawson, P. E., and Kent, S. B. (2000). Synthesis of native proteins by chemical liga- 
tion. Annu. Rev. Biochem. 69, 923-960. doi: 10. 1146/annurev.biochem.69. 1.923 

Dawson, R E., Muir, T. W, Clark-Lewis, I., and Kent, S. B. (1994). Synthesis of 
proteins by native chemical ligation. Science 266, 776-779. doi: 10.1126/sci- 
ence.7973629 

Ding, H., Shigenaga, A., Sato, K., Morishita, K., and Otaka, A. (2011). Dual 
kinetically controlled native chemical ligation using a combination of sul- 
fanylproline and sulfanylethylanilide peptide. Org. Lett. 13, 5588-5591. doi: 
10.1021/ol202316v 

Gross, C. M., Lelievre, D., Woodward, C. K., and Barany, G. (2005). Preparation of 
protected peptidyl thioester intermediates for native chemical ligation by Na- 
9-fLuorenylmethoxycarbonyl (Fmoc) chemistry: considerations of side-chain 
and backbone anchoring strategies, and compatible protection for N-terminal 
cysteine./. Pept. Res. 65, 395-410. doi: 10.1111/j.l399-3011.2005.00241.x 

Guan, X., Drake, M. R., and Tan, Z. (2013). Total synthesis of human galanin- 
link peptide through an aspartic acid ligation. Org. Lett. 15, 6128-6131. doi: 
10.1021/ol402984r 

Haase, C, Rohde, H., and Seitz, O. (2008). Native chemical ligation at valine. 

Angew. Chem. Int. Ed. Engl. 47, 6807-6810. doi: 10.1002/anie.200801590 
Hackenberger, C. P., and Schwarzer, D. (2008). Chemoselective ligation and mod- 
ification strategies for peptides and proteins. Angew. Chem. Int. Ed. Engl. 47, 

10030-10074. doi: 10.1002/anie.200801313 
Hackeng, T. M., Griffin, J. H., and Dawson, P. E. (1999). Protein synthesis by native 

chemical ligation: expanded scope by using straightforward methodology. Proc. 

Natl. Acad. Sci. U.S.A. 96, 10068-10073. doi: 10.1073/pnas.96.18.10068 
Harpaz, Z., Siman, P., Ajish Kumar, K. S., and Brik, A. (2010). Protein synthesis 

assisted by native chemical ligation at leucine. Chemhiochem 11, 1232-1235. doi: 

10.1002/cbic2010001686 
Hemantha, H. P., Narendra, N., and Sureshbabu, V. V. (2012). Total chemical 

synthesis of polypeptides and proteins: chemistry of ligation techniques and 

beyond. Tetrahedron 68, 9491-9537. doi: 10.1016/j.tet.2012.08.059 
Kent, S. B. H. (2009). Total chemical synthesis of proteins. Chem. Soc. Rev. 38, 

338-351. doi: 10.1039/b700141j 



Kovancek, P., and Lehn, J.-M. (2012). Merging constitutional and motional cova- 
lent dynamics in reversible imine formation and exchange processes. /. Am. 
Chem. Soc. 134, 9446-9455. doi: 10.1021/ja302793c 

Lam, H. Y, Zhang, Y, Liu, H., Xu, J., Wong, C. T, Xu, C., et al. (2013). Total syn- 
thesis of daptomycin by cyclization via a chemoselective serine ligation. /. Am. 
Chem. Soc. 135,6272-6279. doi: 10.1021/ja4012468 

Levine, P. M., Craven, T. W, Bonneau, R., and Kirshenbaum, K. (2014). 
Semisynthesis of peptoid-protein hybrids by chemical ligation at serine. Org. 
Lett. 16, 512-515. doi: 10.1021/ol4033978 

Li, X. C, Lam, H. Y, Zhang, Y R, and Chan, C. K. (2010). Salicylaldehyde 
ester-induced chemoselective peptide ligations: enabling generation of natu- 
ral peptidic linkages at the serine/threonine sites. Org. Lett. 12, 1724-1727. doi: 
10.1021/oll003109 

Malins, L. R., and Payne, R. J. (2012). Synthesis and utility of i^-selenol- 

phenylalanine for native chemical ligation- deselenization chemistry. Org. Lett. 

14, 3142-3145. doi: 10.1021/ol3012265 
Monbaliu, J. C, and Katritzky, A. R. (2012). Recent trends in Cys- and Ser/Thr- 

based synthetic strategies for the elaboration of peptide constructs. Chem. 

Comnmn. (Camb). 48, 11601-11622. doi: 10.1039/c2cc34434c 
Nilsson, B. L., Kiessling, L. L., and Raines, R. T. (2000). Staudinger ligation: a 

peptide from a thioester and azide. Org. Lett. 2, 1939-1941. doi: 10.1021/ 

O10060174 

Okamoto, R., and Kajihara, Y. (2008). Uncovering a latent ligation site for 
glycopeptide synthesis. Angew. Chem. Int. Ed. Engl. 47, 5402-5406. doi: 
10.1002/anie.200801098 

Pattabiraman, V. R., Ogunkoya, A. O., and Bode, J. W. (2012). Chemical pro- 
tein synthesis by chemoselective a-ketoacid-hydroxylamine (KAHA) liga- 
tions with 5-oxaproline. Angew. Chem. Int. Ed. Engl. 51, 5114-5118. doi: 
10.1002/anie.201200907 

Pollock, S. B., and Kent, S. B. H. (2011). An investigation into the origin 
of the dramatically reduced reactivity of peptide-prolyl-thioesters in native 
chemical ligation. Chem. Commun. (Camb). 47, 2342-2344. doi: 10.1039/ 
c0cc04120c 

Siman, P., Karthikeyan, S. V., and Brik, A. (2012). Native chemical ligation at 

glutamine. Org. Lett. 14, 1520-1523. doi: 10.1021/ol300254y 
Tam, J. P., Lu, Y. A., Liu, C. F., and Shao, J. (1995). Peptide synthesis using unpro- 
tected peptides through orthogonal coupling methods. Proc. Natl. Acad. Sci. 

U.S.A. 92, 12485-12489. doi: 10.1073/pnas.92.26.12485 
Tan, Z., Shang, S., and Danishefsky, S. J. (2010). Insights into the finer issues of 

native chemical ligation: an approach to cascade ligations. Angew. Chem. Int. 

Ed. Engl. 49, 9500-9503. doi: 10.1002/anie.201005513 
Thomas, G. L., and Payne, R. J. (2009). Phosphate-assisted peptide ligation. Chem. 

Commun. (Camb). 28, 4260-4262. doi: 10.1039/b906492c 
Thompson, R. E., Chan, B., Radom, L., Jolliffe, K. A., and Payne, R. J. (2013). 

Chemoselective peptide ligation-desulfurization at aspartate. Angew. Chem. Int. 

Ed. Engl. 52, 9723-9727. doi: 10.1002/anie.201304793 
Townsend, S. D., Tan, Z., Dong, S., Shang, S., Brailsford, J. A., and Danishefsky, S. 

J. (2012). Advances in proline ligation. /. Am. Chem. Soc. 134, 3912-3916. doi: 

10.1021/ja212182q 

Verzele, D., and Madder, A. (2013). Patchwork protein chemistry: a practi- 
tioner's treatise on the advances in synthetic peptide stitchery. Chemhiochem 
14, 1032-1048. doi: 10.1002/cbic.201200775 

Villain, M., Gaertner, H., and Botti, P. (2003). Native chemical ligation with aspartic 
and glutamic acids as C-terminal residues: scope and limitations. Eur. J. Org. 
Chem. 2003, 3267-3272. doi: 10.1002/ejoc.200300032 

Wan, Q., and Danishefsky, S. J. (2007). Free-radical-based, specific desulfu- 
rization of cysteine: a powerful advance in the synthesis of polypeptides 
and glycopolypeptides. Angew. Chem. Int. Ed. Engl. 48, 9248-9252. doi: 
10.1002/anie.200704195 

Wong, C. T., Lam, H. Y, and Li, X. (2013a). Effective synthesis of kynurenine- 
containing peptides via on-resin ozonolysis of tryptophan residues: synthe- 
sis of cyclomontanin B. Org. Biomol. Chem. 11, 7616-7620. doi: 10.1039/ 
c3ob41631c 

Wong, C. T, Lam, H. Y, Song, X, Chen, G., and Li, X. (2013b). Synthesis 
of constrained head-to-tail cyclic tetrapeptides by an imine-induced ring- 
closing/contraction strategy. An^ew. Chem. Int. Ed. Engl. 52, 10212-10215. doi: 
10.1002/anie.201304773 

Wong, C. T., Tung, C. L., and Li, X. C. (2013c). Synthetic cysteine surrogates used 
in native chemical ligation. Mol. Biosyst. 9, 826-833. doi: 10.1039/c2mb25437a 



Frontiers in Chemistry | Chemical Biology 



May 2014 | Volume 2 1 Article 28 | 6 



Wong et al. 



Realizing serine/tfireonine ligation 



Xu, C, Lam, H. Y., Zhang, Y., and Li, X. (2013). Convergent synthesis of MUCl 
glycopeptides via serine Ugation. Chem. Commun. (Camb). 49, 6200-6202. doi: 
10.1039/c3cc42573h 

Yan, L. Z., and Dawson, P. E. (200 1 ) . Synthesis of peptides and proteins without q^s- 
teine residues by native chemical ligation combined vrith desulfurization. /. Am. 

Chem. Soc. 123, 526-533. doi: 10.1021/ja003265m 
Yang, R., Pasunooti, K. K., Li, F., Liu, X.-W., and Liu, C. F. (2009). Dual 
native chemical ligation at Lysine. /. Am. Chem. Soc. 131, 13592-13593. doi: 

10.1021/ja905491p 

Zhang, Y., Xu, C, Lam, H. Y., Lee, C. L., and Li, X. (2013). Protein chemical synthe- 
sis by serine and threonine ligation. Proc. Natl Acad. Sci. U.S.A. 110, 6657-6662. 
doi: 10.1073/pnas.l221012110 

Zhao, I. F, Zhang, X. H., Ding, Y J., Yang, Y S., Bi, X. B., and Liu, 
C. F. (2013). Facile synthesis of peptidyl salicylaldehyde esters and its 
use in cyclic peptide synthesis. Org. Lett. 15, 5182-5185. doi: 10.1021/ 
ol402279h 



Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 16 April 2014; accepted: 29 April 201 4; published online: 20 May 2014. 
Citation: Wong CTT, Li T, Lam HY, Zhang Y and Li X (2014) Realizing ser- 
ine/threonine ligation: scope and limitations and mechanistic implication thereof. 

Front. Chem. 2:28. doi: 10.3389/fchcni. 2014.00028 

This article was submitted to Chemical Biology, a section of the journal Frontiers in 
Chemistry. 

Copyright © 2014 Wong, Li, Lam, Zhang and Li. This is an open-access article dis- 
tributed under the terms of the Creative Commons Attribution License {CCBY). The 
use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this jour- 
nal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



www.frontiersin.org 



May 2014 | Volume 2 | Article 28 | 7 



